INTRODUCTION

42
In mice, a first separation of embryonic and extra-embryonic lineages begins in the 43 blastocyst at embryonic day (E) 3.5 when the trophectoderm is set aside from the inner 44 cell mass. A second step is the segregation of the inner cell mass into the epiblast, the 45 precursor of most fetal cell lineages, and the extra-embryonic primitive endoderm 46 (Chazaud & Yamanaka, 2016) . At E6, the embryo is cup-shaped and its anterior-47 posterior axis is defined. It comprises three cell types, arranged in two layers: the inner 48 layer is formed by epiblast, distally, and extra-embryonic ectoderm, proximally; the outer 49 layer, visceral endoderm, covers the entire embryo surface. The primitive streak, site of 50 gastrulation, is formed at E6.25 in the posterior epiblast, at the junction between 51 embryonic and extra-embryonic regions, and subsequently elongates to the distal tip of 52 the embryo. The primitive streak is the region of the embryo where epiblast cells 53 delaminate through epithelial-mesenchymal transition to generate a new population of 54 mesenchymal cells that form the mesoderm and definitive endoderm layers. 55 high cell shape resolution. From Mid/Late Streak (M/LS) onwards, most primitive streak 134 cells underwent red to green conversion (Sup. Fig. 1d, e ). 135
136
The shape of mesoderm cells and their tracks were recorded through imaging of 137 embryos from different perspectives between ES and Early Bud (EB) stages of 138 development, in order to obtain images of optimal quality for each embryo region ( Fig. 1  139 and Videos 1 and 2). Posterior views (Fig. 1a ) showed proximal to distal primitive streak 140 extension and rounding of cells exiting the streak. Lateral views (Fig. 1b) allowed 141 comparing cells as they migrated laterally in mesodermal wings, or proximally in extra-142 embryonic region. Anterior views (Fig. 1c ) showed cell movement towards the midline. 143
The imaging time frame did not allow following individual cells from their exit at the 144 primitive streak to their final destination. However, the trajectories we acquired fitted with 145 the fate maps built using cellular labeling or transplantation (Kinder et al., 1999 (Kinder et al., , 2001 , Strikingly, migration behavior ( Fig. 2a , Videos 3 and 4) and cell shape ( Fig. 2b) were 153 different depending on the region cells migrated into. In the embryonic region, 154 mesoderm cells had a global posterior to anterior path, even though they zigzagged in 155 all directions (proximal-distal, left-right, and even anterior-posterior). Cells did not 156 migrate continuously, but showed alternations of tumbling behavior with straighter 157 displacement. Embryonic mesoderm cells from ES/MS embryos tracked for 2.5 h moved 158 at a mean speed of 0.65 µm/min to cover approximately 90 µm and travel a net distance 159 of 40 µm ( Fig. 2a ', Table 1 ). Straightness (the ratio of net over travel displacement, so 160 that a value of 1 represents a linear path) was approximately 0.5 ( Fig. 2a ', Table 1) . 161
Cells in the extra-embryonic region moved slightly slower (0.45 µm/min) to do 162 approximately 70 µm, but their net displacement (20 µm) and straightness (0.3) were 163 significantly smaller, reflecting trajectories with no obvious directionality ( Fig. 2a ', Table  164 1, and Video 5). 165 166 Extra-embryonic cells were stretched, sometimes spanning the entire width of the 167 embryo, and twice larger ( Fig. 2b, b' , Table 2 ). They had few large protrusions, and 168 filopodia were scarce and short ( Fig. 2b, b' , Table 2) . Cells in tight clusters surrounded by other mesoderm cells in the wings had a smoother 181 contour. A caveat was that protrusions couldn't be visualized between two cells of 182 similar membrane color. Reconstruction of cells in the anterior part of the wings, where 183 recombination was incomplete, showed thin protrusions between mesoderm cells. Cells 184 also extended long broad projections, which spanned several cell diameters and were 185 sent in multiple directions before translation of the cell body, in what seemed a trial and 186 error process ( Fig. 3c and Videos 1, 2 and 7). The presence of potential leader cells 187 could not be assessed, as the first cells converted to green are not the most anterior 188 ones (Sup. Fig. 1d ). Nonetheless, cells with scanning behavior were observed at all 189 times, which suggests that all cells are capable to explore their surroundings. 190 191
Cell-cell communication within the mesoderm layer 192
As expected from fate mapping experiments, daughter cells resulting from mitosis within 193 the mesoderm layer followed close and parallel trajectories ( Fig. 3d and Source Data 5). 194
They travelled a similar net distance over 204 min (net displacement ratio: 0.91 ± 0.01, 195 n=12 pairs from four embryos at E/MS stage), in the same direction (angle: 7 ± 1.13°), 196 with one daughter cell displaying a higher straightness (travel displacement ratio: 0.61 ± 197 0.07). They remained close to one another (mean distance between daughter cells: 15.6 198 ± 2.35 µm), but not directly apposed. Interestingly, they stayed linked by thin projections 199 for hours, even when separated by other cells (Fig. 3d) . were also seen in gene clusters involved in migration, adhesion, matrix organization, 227 and small GTPases mediated signal transduction (Sup. Fig. 2a ). 228
229
Genes with known expression pattern in gastrulating embryos found enriched in 230 embryonic mesoderm included well-described transcription factors, as well as FGF, Wnt, 231
Notch, TGFβ and Retinoic Acid effectors (Sup. Fig. 2b ). Genes expected to be more 232 for which no expression data was available at the stage of development were genes 246 related to matrix (Lama1, Galnt16, Egflam), adhesion (Itga1, Itga8, Pcdh8, Pcdh19, 247 Pmaip1), and guidance (Epha1 and 4, Robo3, Sema6d, Ntn1) ( Fig. 4c ). EphA4 248 expression in the mouse embryo has been described in the trunk mesoderm and 249 developing hindbrain at Neural Plate (NP) stage (M A Nieto, Gilardi-Hebenstreit, 250
Charnay, & Wilkinson, 1992). In LS embryos, Epha4 expression was higher in the 251 primitive streak and embryonic mesoderm ( Fig. 4d and Sup. Fig. 2e ). Dynamic Epha1, 252
Efna1 and Efna3 expression patterns have been shown during gastrulation (Duffy, 253
Steiner, Tam, & Boyd, 2006). In LS/0B embryos, Epha1 mRNA was present in the 254 primitive streak, mostly in its distal part. Its ligand Efna1 was in the primitive streak with 255 an inverse gradient, and was mainly expressed in the extra-embryonic region, notably in 256 amnion and in chorion. Efna3 was very abundant in the chorion ( Fig. 4d and Sup. Fig.  257 2e). 258
259
In parallel, in extra-embryonic mesoderm, we found higher expression of distinct sets of 260 genes with putative roles in guidance (Unc5c, Dlk1, Scube2, Fzd4), matrix composition 261
GTPase regulation (Rasip1, Stard8, RhoJ), and cytoskeleton (Myo1c, Vim, Krt8 and 263
Krt18) ( Fig. 4e and not shown). Interestingly, Podocalyxin (Podxl) was abundant in 264 extra-embryonic mesoderm ( Fig. 4f and Sup. Fig. 2d ), which fits with data from embryo Fig. 3 ). Mutants were morphologically indistinguishable at 305 E7.5. At E8.5, RhoAΔmesoderm embryos were identified, though with incomplete 306 penetrance, as being slightly smaller than their wild-type littermates (11/12 mutants had 307 a subtle phenotype, including 5 with reduced numbers of somites, and 6 with abnormal 308 heart morphology) (Sup. Fig. 3a ). By E9.5, all RhoAΔmesoderm embryos had an 309 obvious phenotype (12/12 mutants had a small heart, 9/12 had a reduced number of 310 somites, 2/12 had an open neural tube, 2/12 had a non-fused allantois) (Sup. Fig. 3b) . 311
Rac1Δmesoderm embryos also had subtle phenotypes at E8.5 (15/16 embryos were 312 slightly smaller than wild-type littermates, 4/16 had a small heart) (Sup. Fig. 3d ). In situ 313 hybridization for Brachyury showed weaker staining in the tail region in 5/10 mutant 314 embryos, indicative of reduced presomitic mesoderm (Sup. Fig. 3c ). By E9.5, all mutants 315 had abnormal heart morphology and reduced body length, and 3 embryos out of 9 were 316 severely delayed (Sup. Fig. 3e ). At E10.5, penetrance was complete; 7/7 embryos had a 317 short dysmorphic body and pericardial edema (not shown). The phenotypic variability at 318 early time points likely reflects mosaicism of T-Cre mediated recombination. 319 320 Embryonic mesoderm explants from E7.5 MS/LS mTmG; Rac1Δmesoderm or 321
RhoAΔmesoderm embryos were plated on fibronectin. In wild-type explants, cells 322 showed a radial outgrowth of the explants, displaying large lamellipodia in the direction 323 of migration (Video 9). After cell-cell contact, they remained connected through long thin 324 filaments. RhoA deficient explants showed no outgrowth of individual cells (Sup. Fig.  325 4a). RhoA mutant cells appeared more cohesive and displayed fewer protrusions than 326 wild-type cells. Remarkably, live imaging of RhoA deleted explants showed a phase of 327 compaction preceding cell migration (Video 10; 2/4 RhoAΔmesoderm mutant explants 328 displayed compaction). In Rac1 explants (Sup. Fig. 4b E6.75 or 7.25 ( Fig. 6 ) showed that the majority of RhoA and Rac1 mesoderm-specific 337 mutants (4/8 for RhoA, 6/9 for Rac1) displayed an accumulation of cells at the primitive 338 streak, which formed a clump on the posterior side between epiblast and visceral 339 endoderm (Fig. 6a, b and Video 11), indicating a mesoderm migration defect. 340
Interestingly, although embryonic mesoderm migration was impaired, with only a handful 341 of cells visible on the anterior side by E7.5, extra-embryonic mesoderm migration was 342 maintained ( Fig. 6a', b' and Videos 12, 13). Accordingly, staining for mesoderm-derived 343 vascular structures (Pecam-1) in the yolk sac at E8.5 showed no difference between 344 mutants and wild-type embryos (Sup. Fig. 4c, d) . Those findings suggest that extra-345 embryonic mesoderm cells do not rely on Rac1 and RhoA for movement, which is 346 consistent with their paucity in actin-rich protrusions. We took advantage of mosaic labeling of nascent mesoderm to define the dynamics of 367 cell shape changes associated with mesoderm migration. Cells just outside the streak 368 retracted the long apical protrusion and adopted a round shape with numerous filopodia 369 making contacts with adjacent, but also more distant mesoderm cells. In mesodermal 370 wings, cells close to the epiblast were more loosely apposed, and extended fewer 371 filopodia towards its basal membrane, compared to cells adjacent to the visceral 372 endoderm, which were tightly packed and displayed numerous filopodia pointing to the 373 visceral endoderm basal membrane. Landmark experiments in the 1990s showed that the fate of mesoderm cells depends on 460 the time and place at which it emerges from the primitive streak. We have unveiled 461 morphological and behavioral specificities of mesoderm populations through whole 462 embryo live imaging, and provided a molecular framework to understand how cells with 463 distinct fates adapt to, and probably modify, their tridimensional environment. 464
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Embryo Analysis 518
Whole-mount in situ hybridization was carried out as described in (Eggenschwiler & 519 Anderson, 2000) . For in situ hybridization on sections, embryos were dissected in PBS 520 and fixed for 30 minutes at 4°C in 4% PFA. They were washed in PBS, embedded 521 directly in OCT (Tissue-Tek), and cryosectioned at 7-10 microns. Slides were re-fixed for 522 15 minutes on ice in 4% PFA. RNA probes were obtained from ACDBio, and 523 hybridization was performed using the RNAscope 2.5 HD Reagent Kit-RED (ACDBio) 524 according to manufacturer's instructions. Slides were counterstained with 50% Gill's 525
Hematoxylin. 526 527
For immunofluorescence, embryos were fixed in PBS containing 4% paraformaldehyde 528 (PFA) for 2 hours at 4°C, cryopreserved in 30% sucrose, embedded in OCT and 529 cryosectioned at 7-10 microns. Staining was performed in PBS containing 0.5% Triton 530 X-100 and 1% heat-inactivated horse serum. Sections and whole-mount embryos were 531 imaged on a Zeiss LSM 780 microscope. 532 533
Explant culture and analysis 534
Primary explant cultures of nascent mesoderm were generated as described in (Burdsal, 535 Damsky, & Pedersen, 1993). Explants were cultured for 24-48 hours in DMEM F-12 536 supplemented with 10% FBS and 1% Penicillin-Streptomycin and L-glutamine on 537 fibronectin (Sigma) coated glass bottom microwell 35mm dishes with 1.5 cover glass 538 (MatTek). They were fixed for 30 minutes in PBS containing 4% PFA prior to staining. 539
For live imaging, explants were let to adhere for 4-6 hours, and then imaged every 15 540 minutes for up to 12 hours. 541 542
Image analysis 543
Images were processed using Arivis Vision4D v2.12.3 (Arivis, Germany). Embryo 544 contours were segmented manually on each Z-slice and time point, and then registered 545 using the drift correction tool of Arivis Vision4D. Embryo rotation was adjusted manually 546 if necessary. We chose embryos where successful registration could be achieved, so 547 that the embryo's residual slight movements were much smaller than cell displacement. 548
Similarly, we found embryo growth to be negligible compared to cell displacement (data 549 not shown). Cells were then manually segmented on each Z-slice and time point by 550 highlighting cellular membranes using Wacom's Cintiq 13HD. 551 552 Net displacement, path length, speed and angle between two cells were based on the 553 centroid coordinates of segmented cells from Arivis, and calculated by a homemade 554
Python script (Python Software Foundation, https://www.python.org). To extract speed 555 behavior, we interpolated the path length curve and derivated it. The path length over 556 time was closely linear, so we extracted the mean of the speed values. Surface, volume, 557 long/short axis ratio of 2D inner ellipse, and straightness were calculated by Arivis. 2D Z 558 projections of late embryos were used to quantify the filopodia length and density. 559 
